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Abstract

Objective. This paper aims to promote understanding on the fundamental concepts and
mechanisms of extracellular electrical neural recording. Approach. First, the electrode-
electrolyte interface is reviewed to clarify some of the frequent misunderstandings. Second,
analytical solutions to the extracellular field potential and recorded signal are derived based
on equivalent electrical circuit models, using a planar substrate microelectrode as a particular
example. And third, factors affecting the recording quality are thoroughly assessed. Main
results. Passive neural recording electrodes function as a pure capacitor. The extracellular
field potential has two phases, with its subthreshold depolarization phase proportional to the
first time derivative of the membrane depolarization and its action potential phase
proportional to the negative first time derivative of the intracellular action potential. The
recorded signal represents a portion of the extracellular field potential with both amplitude
attenuation and phase distortion according to a voltage-divider circuit formed between the
recording electrode and amplifier. A larger cell, a larger cell-substrate junctional membrane
area, and a tighter membrane-substrate seal all help to improve the recording quality, while
the effective electrode impedance should be minimized and the effective amplifier’s input
impedance maximized. Significance. This paper develops in-depth insights to offer a clear
image on the recording mechanism, nature of the signal, and interplays between key interface
parameters. This work will make a foundational contribution to the field by providing such an
in-depth understanding on this topic to clear the widespread ambiguities and confusions and
inform rational neural electrode designs and proper interpretations of neural recordings.

Keywords: extracellular action potential, equivalent electrical circuit model, electrode-electrolyte interface, electrode
impedance, microelectrode array, neural recording, recording mechanism, signal-to-noise ratio.

1. Introduction

Electrical neural recording has played a key role in modern
neurophysiology and neural prosthetics. While intracellular
recording, such as using glass micropipette or patch clamp
electrodes, is valuable to neurophysiological studies with the
acquisition of a signature waveform of the action potential
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(AP), extracellular recording, though complicated by the
location, size, shape of the electrode, as well as neighboring
neural structures [1], is more practical for prolonged recording
applications in both fundamental neuroscience investigations
and neural prosthetics. More importantly, it is the recording
modality for most neural interfaces.
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However, for many people in the neural interfaces field and
others who use electrical neural recordings very often, the
recording mechanism is of great ambiguity and confusion.
Although the literature provides some basis on this topic [2-
8], the dispersive and piecewise nature of knowledges on this
topic makes it hard for the majority to develop an accurate and
comprehensive understanding on it. This knowledge gap
unfortunately has led to flawed neural electrode designs and
characterizations, poor interpretations of the distorted
recordings, and inconsistencies in findings among papers
published from different research groups. It is thus imperative
to address this gap to mitigate confusions and promote
understandings on the fundamental concepts and mechanisms.
As such, this paper intends to revisit the fundamentals for
electrical neural recording with a focus on extracellular
recording and clarify some of the frequent misunderstandings
in literature.

2. The electrode-electrolyte interface

The mechanism of recording biopotentials may seem
straightforward at first sight to many people who work with
electronic circuits: two electrodes each connecting to one
input terminal of a differential amplifier are placed on or in
the biological tissue with a certain distance so that the
potentials at each electrode site are distinct; the electrodes
when in contact with the tissue instantaneously achieve
isopotential with the local tissue; because it is assumed that no
current flows into either terminal of the differential amplifier,
the potential difference of the tissue at the two electrode sites
is picked up by the input terminals of the amplifier.

However, the real mechanism is far more complicated than
this layman interpretation. This is because any biopotential
recording involves physiological fluids, ie., electrolytic
solution, at the immediate electrode surface, making the
electrical signal transduction from ion-based in the tissue to
electron-based in the solid-state electrode a complicated
process governed by thermodynamics and electrochemistry.
Thus, it is essential to first develop an in-depth understanding
of the electrode-electrolyte interface.

2.1 The electrode-electrolyte phase boundary

A phase transition boundary is developed when a solid
(conductor, semiconductor, or insulator) is brought in contact
with a salt (electrolytic) solution. During the initial transition
process, atoms in the solid surface may lose electrons to the
solution and become dissolved, or ions in the electrolyte may
gain electrons from the solid and become deposited/adsorbed
on its surface. Over a short period of time when this solid-
electrolyte interface achieves a thermodynamic equilibrium,
on the one hand, a thin charge (electron or hole) layer forms
immediately underneath the solid surface; and on the other
hand, complementary ionic charges spatially coalesce in the
electrolytic solution to yield a concentration gradient and a
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Figure 1. Electrode-electrolyte interface at equilibrium and its equivalent
electrical circuit model. The EDL comprises the Stern layer (including the IHP
and OHP) and the diffuse layer. In the Stern layer, the magnitude of electric
potential decreases linearly with distance, while in the diffuse layer, it
decreases exponentially. A series of three capacitors models the IHP, OHP,
and diffuse layer, respectively, which is usually lumped together as Cg; in the
overall equivalent circuit model. Ej: surface potential of the electrode, Ry:
faradaic resistance through redox reactions, I;: faradaic current, R;: spreading
(or series) resistance of the bulk electrolyte, and V}.: half-cell potential.

charge gradient (together called an electrochemical gradient)
conventionally described by the so-called electrical double
layer (EDL). As a result, an electrostatic field is formed
starting from the immediate solid surface and extending into
the electrolytic solution, and a characteristic electrode
potential (i.e. the surface potential Ey) is established, which is
associated with the solid’s material type. The
Bockris/Devanathan/Miiller (BDM) model describes this EDL
as a cascade of three regions (Figure 1) [6, 8-12]: (1) an inner
Helmholtz plane (IHP) formed by a layer of adsorbed water
molecules with highly oriented dipole moments on the solid’s
surface, (2) an intermediate outer Helmholtz plane (OHP)
formed by solvated (hydrated, in aqueous solutions) ions, and
(3) a Gouy-Chapman diffuse layer beyond the OHP with an
ionic charge density decaying outward due to increasing
thermal motions of ionic species in the solution. The IHP and
OHP together are summarized as the Stern layer.
Additionally, some specifically adsorbed and partially
solvated ions can also appear in the IHP, as proposed by D. C.
Grahame.

The electrostatic field in the EDL has two regions: In the
Stern layer, the magnitude of potential decreases linearly with
distance from the solid’s surface, and the boundary potential
at the outer edge of the OHP is referred as the Stern potential.
In the diffuse layer, the magnitude of potential decreases
exponentially. The thickness of this diffuse layer is called the
Debye length [8]. In aqueous solutions, it is typically on the
scale of a few nanometers and decreases with increasing ion
concentration.

The electrical properties of this EDL is conventionally
modeled as a series of three capacitors, representing the spatial
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ionic charge distributions in the IHP, OHP, and diffuse layer,
respectively [6]. The full equivalent electrical circuit model
also includes a parallel faradaic resistance Ry, the surface
potential E, of the electrode and the series resistance R of the
bulk electrolyte, as depicted in Figure 1. The R, further
consists of two components (not depicted): the crossover
electron transfer that is proportional to the exchange current
density and the mass transport phenomena that are modeled
with the so-called Warburg impedance (also called the
constant phase element) [8]. In the physiological frequency
range, the bulk electrolytic solution is considered as a pure
resistor R [8, 13]. For example, phosphate buffered saline
(PBS) has aresistivity of ~0.09 Q-m at room temperature [13],
which give R; a value of around 1 kQ for an electrode
immersed in the center of a 10 cm diameter Petri dish.

2.2 The electrochemical cell

Knowledge on electrode systems used in neural recording
and stimulation has been derived from the general
electrochemistry. The configuration of a pair of electrodes on
or in a wet biological tissue essentially forms an
electrochemical cell. There are two basic types of
electrochemical cells: galvanic and electrolytic (Figure 2). In
both types, the EDL plays a vital role in conversion between
electronic and ionic currents through redox reactions.
Galvanic cells generate an electrical current from spontaneous
redox reactions taking place within the cell, due to a difference
between the surface potentials of the two electrodes (made of
different materials), e.g. a discharging battery. Electrolytic
cells use an electrical current to cause non-spontaneous redox
reactions, for example in electrodeposition/electroplating.

In a galvanic cell, chemical energy in the electrolytic
solution is converted to external electrical energy through
redox reactions, which take place on the electrodes’ surfaces.
To make the galvanic cell, the two electrodes need to have
different surface potentials and thus be made of two different
materials. Once connected to a resistive load via leads, the
electrode having a higher surface potential will draw electrons
via the lead from the electrode with a lower surface potential,
and an equilibrium will be achieved between the two
electrodes at a common potential, only if these deviations from
their surface potentials do not exceed the thermodynamic
thresholds for redox reactions to take place on the electrodes’
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Figure 2. Two basic types of electrochemical cells.

surfaces, which attempt to restore the respective surface
potentials. However, if these thresholds are exceeded, the
ongoing complementary redox reactions at the electrodes will
circulate electrons in the electronic half-circuit, while closing
the circuit in the electrolytic solution by migrations of reactant
ions toward the electrode surfaces to sustain the redox
reactions. As a result, a dynamic equilibrium will be achieved
with an electrode potential somewhere in-between the
targeting common potential, and the surface potential of each
electrode is sustained, while the complementary redox
reactions are taking place. In this situation, the anode is the
electrode to which reactant anions actively migrate for
oxidation; therefore, the accumulation of these anions makes
the anode negative in polarity (Figure 2). Similarly, the
cathode is the electrode to which reactant cations actively
migrate for reduction; and the accumulation of these cations
makes the cathode positive. It is reasonable to assume that the
electrode having a higher surface potential will become the
cathode, while the one with a lower surface potential becomes
the anode.

In contrast, in an electrolytic cell, externally supplied
electrical energy is converted to chemical energy in the
electrolytic solution through redox reactions happening on the
electrodes’ surfaces. To make the electrolytic cell, the two
electrodes don’t have to be made of two different types of
materials, rather are frequently of the same material. The
electrode connecting to the negative terminal of the voltage
source becomes negative in polarity and attracts cations in the
electrolytic solution (Figure 2). As electrons are provided at
this electrode, if the potential exceeds the threshold of a
reduction reaction in the solution, it will take place, making
this electrode the cathode. Similarly, the electrode connecting
to the positive terminal of the voltage source becomes positive
and attracts anions in the solution. If the electrode potential
exceeds the threshold of an oxidation reaction in the solution,
it will take place, making this electrode the anode. It should be
noted that the reduction or oxidization half-reaction cannot
happen alone. A complementary reaction pair is always tied
together. The circuit is closed in the solution through passive
migration (being electrostatically attracted) of the reactant
ions toward the respective electrodes and ionic-to-electronic
transduction at the electrodes via the complementary redox
reactions.

2.3 The half-cell potential

The concept of half-cell potential V. is conventionally
used to describe the potential of an electrode with reference to
the far-away bulk electrolyte. It is defined in the context of a
galvanic cell where a matching pair of redox half-reactions
occurs on the surfaces of an electrode pair, as the
configuration with one electrode represents half of the cell. Its
value depends on temperature, pressure and electrolyte
concentration. This concept can also be extended to the
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electrolytic cell (e.g., neural stimulation electrode systems)
and the non-redox cell (e.g., neural recording electrode
systems). The two half-cell potentials add up to form the
overall cell potential, which can be measured directly.
However, neither of the half-cell potentials can be measured
in isolation, as an electrochemical cell requires a pair of
electrodes. Thus, an electrode’s half-cell potential is usually
measured with reference to a standard hydrogen electrode
(SHE) with which it forms a galvanic cell. As the potential of
the SHE is defined as 0 V by convention, the measurement
will read out the electrode’s half-cell potential directly. If this
measurement is taken at the standard state (i.e., 1 M, 1 atm, 25
°C, and pH = 7), the measured value is more commonly known
as the standard electrode potential, which is a property of the
electrode material itself. Since the oxidation potential of a
reversible half-reaction in a redox reaction is the negative of
its reduction potential, the oxidation half-reaction occurring
on an electrode is conventionally converted to a reduction
reaction, thus the associated half-cell potential is commonly
written as the standard reduction potential. With this
measurement configuration in mind, the half-cell potential can
be viewed as the potential difference between an electrode’s
surface and the far-away bulk electrolyte where the 0 V SHE
is placed, thus, V. = Eq + IRy + Vi, (where Vi is the
voltage across R, in Figure 1). However, in practical situations
where two regular electrodes are used and placed not very far
apart, Ve = Eq + IRy + 2=,

For both biocompatibility reason and electric field
recording purpose (where the I will be a contaminating
electrochemical noise), no redox reaction should occur on
passive neural recording electrodes (i.e., Ry = oo and I = 0)
[2], which thus are frequently made of noble metals (e.g., Pt
and Au) that are inert in physiological solutions. Furthermore,
the pair of electrodes are often made of the same material, i.e.
no surface potential difference between them, and during
recording they each are connected to an input terminal of a
differential amplifier, which has a very high input impedance,
rather than to each other directly via a load. Thus, the neural
recording electrode system is a non-redox cell in a broad
sense, so is the stimulation electrode system in the absence of
stimulation current. But, a surface potential is assumed still to
build up on the electrode’s surface through capacitive
mechanism once the EDL achieves equilibrium. Additionally,
because no current flows through R at equilibrium, the
equivalent circuit of EDL in Figure 1 is reduced to purely
capacitive with V. = E,;. Unfortunately, knowledge on such
a surface potential for neural electrodes working in
physiological solutions is absent in the literature, and the
concept of half-cell potential is frequently misused on neural
electrodes.

The presence of this surface potential E, with a magnitude
in the several hundred millivolts scale on the electrode thus
requires a means in the differential amplifier to block this large

DC bias in order to prevent the amplifier from saturation. The
common-mode rejection is exactly for this purpose.
Differential amplifiers usually have an excellent common-
mode rejection ratio (CMRR) which can effectively cancel out
this common DC bias present on both of the recording
electrode pair. It thus implies that the recording electrode pair
needs to be made of the same material and of the same size in
order to have the same surface potential for an effective
cancellation. Because the Debye length of EDL in aqueous
solutions is only a few nanometers and the distance between a
cell membrane and a substrate is no smaller than 40 nm due to
repulsive interactions between membrane adhesion and
substrate-coated extracellular matrix (ECM) proteins [14],
existence of such a DC potential on the electrode surface
won’t disturb activities of adjacent cells, however, the charged
surface can affect cell adhesion to it through interaction with
membrane adhesion and ECM proteins.

2.4 Electrode polarization

The phenomenon of electrode polarization concerns the
process when charges pass across the EDL to initiate faradaic
(redox) reactions in an electrochemical cell. It essentially
regards to the extra voltage developed in the electrolyte of the
EDL due to resistive faradaic reaction products. This resistive
conducting path is commonly modeled as the faradaic
resistance Ry (Figure 1). The faradaic current I, flowing
through this Ry contributes an additional serial component to
the half-cell potential across the EDL, so that V., = E, +
[¢R; + Vg . This additional potential drop is defined as the
overpotential 1 = I¢R;. The electrode therefore is operating at
anew dynamic equilibrium where active faradaic reactions are
taking place.

There are two extreme types of electrodes: perfectly
polarizable electrodes cannot pass charges cross the EDL
when a current passes, i.e. no faradaic reaction occurs (I =
0). The current merely results from transient capacitive charge
redistributions across the EDL, which is thus purely capacitive
with Ry = 0 and n =0 (Figure 1). As such, this type of
electrodes are perfectly capacitive in nature and cannot pass
through DC currents. These electrodes are perfect to serve as
neural recording electrodes. For example, polished Au or Pt
electrodes are considered to be nearly perfectly polarizable at
small currents and commonly used as neural recording
electrodes.

In contrast, perfectly non-polarizable electrodes pass
charges unhinderedly across the EDL with no polarization
developing in the electrolyte. The EDL behaves like a short
wire with R =0 and n = 0 (Figure 1). This behavior is
caused by the ultra-fast kinetics of the faradaic reactions.
These electrodes are perfect to serve as reference electrodes,
as their potential do not change from the equilibrium potential
when current passes. For example, the Ag/AgCl reference
electrode are considered non-polarizable. For those reversible
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non-polarizable electrodes onto which the redox products
remain adsorbed, they are perfect as neural stimulation
electrodes, because (1) electrical currents can be passed
without corroding the electrode and changing the chemical
environment in the vicinity of the electrode (e.g., the
overpotential, if beyond the water electrolysis window (-0.6—
0.8 V for Pt electrode), can cause water electrolysis) and (2)
no overpotential develops in the EDL to risk in tissue injury
and consume excess power. Pt and IrO, electrodes are such
examples.

Most real electrodes have characteristics in-between these
two extremities. The DC performance of their EDL behaves
as a faradaic resistor with a finite value (Figure 1). Up to a
certain voltage or current density range across the EDL, the
polarization can be described with a linear V-/ relationship
whose slope is designated as Ry. Beyond this range, the excess
overpotential can severely distort the I, path in the EDL.
Meanwhile, the double-layer capacitance C;; will increase
with increasing voltage due to decrease of the EDL thickness
by the increasing electric field strength.

It is noted that within the physiological voltage range, the
process of passive neural recording only involves purely
capacitive charge transductions across the EDL in the absence
of any faradaic reactions [2]. The current through the EDL
exclusively goes through the Cy;. Thus, the Ry path in the
equivalent circuit is open and no overpotential will be built in
the EDL, in contrast to neural stimulation on which excellent
reviews exist, e.g. ref. [15].

3. The mechanism of electrical recording

Besides understanding the EDL at the electrode-electrolyte
interface, the mechanism of neural recording cannot be
revealed without elucidating the full equivalent electrical
circuit of the electrode recording system.

3.1 The intracellular action potential (iAP)

During the initiation and development of AP, there are
three primary active ionic currents involved sequentially
(Figure 3): an inward I, (jw) either injected externally or
coming from synaptic inputs for subthreshold depolarization,
an inward Iy, (jw) for superthreshold depolarization, and an
outward I (jw) for repolarization. We can define an overall
AP current as Ijp(jw) = Iy,(jw) — Ix(jw). Both g, (o)

Y
 — TV (jw) inside
r +
Zain Ze
Icl INa 11( ICl
. Ra
| Vin(jw) —_ )15“-7,,,
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Figure 3. Equivalent electrical circuit of excitable cell membrane and setup of
intracellular recording.

and I,p(jw) act to positively charge the inner side of the
overall membrane capacitor C,, to produce the sequential AC
transmembrane voltages Vo, () and V,,, 4p (jw), so that
Lpim(jw) = G * joVisup (o) (1)
Lip(jw) = Cpy * jwViap (o) 2)
During subthreshold depolarization, the leaking current
through the passive membrane resistance R,, is ignored, as R,
is very high, e.g. 150 ~ 600 MQ for HEK293 cells [2], and the
membrane time constant T,,, = R,,,C,,, which characterizes the
rate the leaking current through R,,, discharges C,,, is more
than one order of magnitude larger than the durations of the
subthreshold depolarization and the AP [2, 16]. An alternative
justification is that given values of the membrane resistance
and capacitance, the majority of passive membrane current
flows through C,, at 1 kHz in the parallel circuit, according to

| = wR,.C,,

= wT.
IRy,

During the AP, the following virtual capacitive current
concept holds [17]. For an imaginary neuron suspended in an
electrolyte and referring to Figure 3, during the AP, thereis a
membrane capacitive current I-(jw) = —I,p(jw) to close the
circuit. As the neuron has uniform current densities (current
per unit membrane area) across its entire membrane surface,
the capacitive current balances the inward Na* current during
the depolarization phase and the outward K* current during
repolarization. A close scrutinization of this capacitive current
from the biophysics aspect of membrane depolarization and
repolarization makes us aware that it is different in nature from
the capacitive current Iqq(jw) = Igim(jw) during the
subthreshold depolarization, which crosses the membrane and
flows into the extracellular space. In contrast, I, (jw) does not
flow into the extracellular space. Its existence is merely a
passive consequence of the discharging or recharging of the
transmembrane voltage V,,4p(jw) by the Iy, (jw) or Ix(jw)
according to I;(jw)=C,, joVpp(jw). Take the
discharging phase by Iy,(jw) as an example. At rest, the
membrane is negatively charged inside with anions
accumulated on the inner membrane surface and cations on the
outer membrane surface. When the subthreshold
depolarization reaches the AP threshold, noticeable Na* ions
start to flow across the membrane from the outside. The
transportation of one Na* ion from the outside to the inside,
where it “cancels out” an anion, depolarizes (reduces) the
Vinap (jw), which requires removal of one charge from both
sides (a positive charge from the outside and a negative charge
from the inside) of the membrane capacitor C,,, according to
Q = CpViap(jw). Interestingly, this process automatically
meets this requirement of charge pair removal without an
actual current flowing to either the extracellular or
intracellular space. This conclusion can be similarly extended
to the recharging phase where the K* current takes effect.
Thus, this type of transmembrane capacitive current I (jw) is
termed as a “virtual” current.



Journal XX (XXXX) XXXXXX Author et al

D Ix(jw)

Vout )

|
c Car| g
“hivm(fm)l_ _______ ! Ry D k(o)

(b)

Figure 4. The equivalent electrical circuit formed between the recording electrode and amplifier input. The extracellular AP propagating to the edge (Point X) of
EDL of the recording electrode is represented as a current source Iy (jw). The recording and reference electrodes are assumed to be made of the same materials
and geometric dimensions, thus having the same electrical properties. (a) The full equivalent circuit. (b) The reorganized voltage-divider circuit in the context of
AC signal transmission. (c¢) The current source can be converted to an equivalent voltage source using Thevenin’s Theorem, where R; appears as the internal
resistance of both signal source. Ry: spreading resistance, Rg.: potential resistive coupling through the electrolytic solution between the recording and reference
electrodes (if the two are placed far away so that Ry, = oo, this resistive coupling can be ignored), C;: EDL capacitance, Ej: electrode surface potential (in AC
circuit, this electromotive force is equivalent to a short wire), R,: resistance of the electrode material, C,g,: shunt capacitance across the insulation between the
electrode shaft and surrounding electrolyte (if the electrode is properly designed and fabricated, it can be ignored), Z,: the effective electrode recording impedance,
Cysn: cumulative shunt capacitance along the lead and connector between the electrode and amplifier input terminal, Z;,: input impedance of the amplifier, Zj;,,:
the effective input impedance of the amplifier, V;, (jw): voltage appearing at the input terminals of the differential amplifier, Vy (jw): the potential at Point X in
the absence of the recording electrode, Z,: the conventional electrode impedance measured in an open-field physiologically relevant electrolyte using EIS. The
GND electrode is placed far away.

Taken together, these justifications make the above
assumptions of I (jw) = i (o) and  Lp(jw) =
Iyq(jw) — I (jw) reasonable approximations.

3.2 Mechanism of electrical recording in an electrolyte

In the electrolyte, the flow of an ionic current establishes an
electric field that can exert a force on electric charges in this
conductor. This force is what we measure in the form of a
potential difference [18]. In Figure 4, with the signal ground
GND placed far away and in the absence of the electrode, the
electrical potential at an imaginary Point X in the electrolyte
is determined by Ohm’s law through Vy(jw) = R,y (jw),
where Iy (jw) is the diverging ionic current from Point X and
Ry is the resistive path from Point X to GND through which
Iy (jw) dissipates to the GND. Therefore, for a given Iy(jw),
the field potential Vy (jw) at that point depends on the effective
impedance of the leaking paths for Iy(jw) [19]. This
perspective is supported by, for example, the finding that the
lumen of a microchannel can effectively boost the amplitude
of extracellularly recorded APs [20, 21], because of the
substantial increase of R in the microchannel. It is worth
noting that, by applying the Thevenin’s Theorem, the current
source Iy (jw) in Figure 4b can be converted to an equivalent
voltage source Vy(jw) = RyIy(jw) with the same internal
source resistance R, as shown in Figure 4c where the voltage
Vy(jw) is assumed at the infinity but actually located at Point
X during recording (Figure 4b). When the electrode is present,

Zy,=Z,+ R, (Figure 4c) is the conventional electrode
impedance measured in an open-field physiologically relevant
electrolyte using electrochemical impedance spectroscopy
(EIS), assuming faradaic processes are not involved during the
measurement (i.e. the faradaic resistance Ry = ). Thus, Ry
appears to belong to the signal source, which generates Vy (jw)
from Iy (jw).

In Figure 4a, an AC amplifier is used, in contrast to the DC
amplifier used in conventional intracellular recording under
current-clamp mode, where a finite faradic resistance exists in
the EDL (Figure 1) [16, 22]. Considering the AC nature of
neural signals, since no current flows in the reference
electrode path, the negative terminal of the amplifier is shorted
to the GND, and the full circuit in Figure 4a is equivalent to
the one in Figure 4b, which is a current splitter at Point X
combined with a voltage divider at Point Y. The voltage
Vin(jw) appearing across the differential amplifier’s input
terminals at Point Y is related to the field potential Vy (jw) at
Point X through (3)—(5):

Vin(j) = =S85V (jo) ()
where Vy (w) is the potential at Point X in the presence of the

recording electrode:
Ze +Z¢’1in

(s —_ (Ze+Zéin)Rs : —_ :
Vx(](l)) - Ze+Zc,1in+Rs IX(](U) - Ze+Zéin+Rs RSIX(]w) (4)
_ ZetZly, LN ZetZlim .
- Ze+Zc,zin+Rs VX(](U) - Zé"'zc,lin VX(](D)

Substituting (4) into (3), we have,
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Zcrzin ;
R Vy(jw)

Vin(jw) = Tz TF ®)
Therefore, for extracellular electrical recording using a free-
standing point electrode that doesn’t form a tight seal with the
cell membrane, R; (e.g., from the outer surface of a 10 pm

diameter spherical neuron to GND at the infinity, R; = ﬁ =

1,433 Q) is orders of magnitude smaller than the serial
impedance Z, + Z;;, (e.g., >10 MQ), we thus have

Vin(j) ~ 728V, () ©)
According to (4), the presence of the wired electrode at
Point X tends to slightly lower its potential, as % <1
IfR; K |Z, + Z];,|, we have -
Vi(jo) = —m—Vx(jo) ~ Vx (jo) (7

Ze+Zp;y,
Then, this distortion is minute and negligible. It is also noted
that the presence of the electrode alone at Point X without
providing an additional path to the GND (e.g., via the
amplifier terminal, thus we can assume Z,;,, = o) doesn’t
perceivably affect the AC potential at Point X.

Equation (6) proves that the electrode recording system
functions as a voltage-divider circuit (attenuating the
amplitude) with a first-order highpass filtering effect
(narrowing the waveform, formed by C,; (e.g. 353 pF for a 30
pm diameter gold planar electrode [22]) and the input
resistance R,;, (e.g. 10 MQ) of the amplifier with a typical -3
dB cutoff frequency of 45 Hz) to sense the AC potential in an
electrolyte where the recording electrode is placed. It is noted
that the electrode recording impedance Z, is lumped together
with Ry to form the conventional electrode impedance Z,
(Figure 4c), which means conceptually the voltage source is
located at the infinity where the GND used to be placed, even
if the Vy (jw) is actually present at Point X, the edge of the
electrode’s EDL. Nonetheless, in Figure 4c, the voltage drop
across Ry is negligible, so that Vy(jw) = Vy(jw), as shown in
(7). However, this sensing mechanism is only made possible
by virtue of capacitive current transmission through the EDL
of the electrode. This implies that the voltage V;,,(jw) sensed
by the electrode recording system is actually caused by the
capacitive current that crosses the electrode’s EDL and is in
the form of ion redistribution on the electrolyte side.
According to this voltage-divider circuit, when an ionic
current flows into the electrode’s EDL (i.e., cations flow into
or anions flow out of the EDL), a positive voltage is recorded
at Point Y; and when an ionic current flows away from the
EDL (i.e., cations flow out of or anions flow into the EDL), a
negative voltage is recorded.

3.3 Basic relationship between extracellular field
potential and iAP

To derive the extracellular field potential Vy (jw), we need
first to find the net outward transmembrane current I (jw)

during the AP. Assuming an extracellular Point X is located in
an isopotential plane through which the I (jw) flows outward,
the potential on this plane is thus determined by I;(jw) and
equals to Vy(jw) = RyIgz(jw), where Ry is the spreading
resistance from this isopotential plane to the GND at infinity.
Corresponding to the three AP component currents, this
isopotential plane sees three ionic currents flowing outward
through it: a membrane capacitive current Io(jw) =
Istim(jw), —Iy.(jw) and I, (jw), so that in the subthreshold
depolarization phase, Izg,, (o) = Isim(jw) and during the
AP, Iguip(jw) = —Lp(jw). According to Vy(jw)=
R p(jw), Iggp(jw) and I, p(jw) produce two sequential
extracellular field potential phases in the isopotential plane
with

Vysup @) = Rylgeuy (@) = Rglspim jw) (3)
Vxap(jw) = Rlgap(jw) = —Rslyp(jw) )
Comparing to (1) and (2), during the subthreshold
depolarization phase, we have
Visub j@) = RsCy * joVmgup ) (10)
and during the AP, we have
Vyap(jw) = =RsCpy * joViup(jw) (11)

From (10) and (11), we see that during the subthreshold
depolarization phase, the extracellular field potential
Vysup (Jw) is proportional to the first time derivative of the
Visup (), whereas during the AP, Vy,p(jw) is proportional
to the negative first time derivative of the V, 4p(jw). These
relationships result because the same set of AP component
currents produce the V,,(jw) by charging the membrane
capacitor C,,, whereas producing the Vy(jw) through R,. The
amplitude of Vy(jw) depends on the overall cell surface area
(determines C,,) and the distance that the isopotential plane is
away from the outer cell surface (determines Rj). Note that,
according to (10), any extracellularly recorded subthreshold
potentials, e.g. synaptic potentials, are also biphasic in their
full cycle.

A frequent question is why the amplitude of the
extracellular field potential Vy(jw) is so small comparing to
that of the iAP V},,(jw). According to (11), this is because the
coefficient R;C,, w is very small. An alternative interpretation
according to (9) is that (a) the net outward transmembrane
current Ig,up(jw) = —(Iygs(w) — Ix(jw)) is substantially
diminished due to mutual cancellation of the opposing
Iye(jw) and Ix(jw), and (b) R, is small. Moreover, as
Iz ap (jw) propagates into the resistive extracellular space to
generate a field potential in the vicinity of the cell according

. . Igap(jw) 1.
to Vyap(Jw) = Rlpup(jw) = %, where o =i the
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conductivity of the electrolyte and r is the distant Point X is
away from the location of the (point) current source [8], the
magnitude of Vy,p(jw) decays with a 1/r characteristic. The
actual decay with distance from the soma in irn vitro and in
vivo settings should be faster than this 1/r characteristic of a
Coulomb potential around a point source with an infinite
current sink [8], due to the presence of adjacent current sinks
(e.g., other cells or cellular processes). The edge of this
potential field is set by the ionic diffusion limit of I4p (jw) in
the electrolyte. At this edge, Ig4p (jw) attenuates to zero, thus
this edge is shorted to the GND at the infinity by the
intermediate electrolyte solution.

It should be noted that we cannot directly compare the iAP
with the extracellular recording by a free-standing point
electrode in an open electrolyte, because (a) the two recording
systems (Figure 3 and 4) place their GNDs at different
locations, so that the two types of recorded potentials don’t
have a common reference to compare with, and (b) the two
different GND placements are incompatible in the same
system for simultaneous recordings (i.e., if the GND is placed
adjacent to the cell, as in a patch-clamp setup, the extracellular
recording by the point electrode would be shorted to the GND
due to the very low resistance of the electrolyte in-between).
Fortunately, the transmembrane potential difference is a
physical quantity independent from the GND placement, so
that we can still derive a quantitative relationship between it
and the extracellular recording thanks to the shared AP
component currents. However, particular to the sealed
recording environment of planar substrate electrodes (see
below), extracellular and intracellular recordings can be
performed in the same setup, thanks to the moderately high
electrical resistance R, (e.g., 0.1~1.2 MQ [4, 19]) of the cell
membrane-clectrode seal that separates the recording
electrode surface from the exterior bulk electrolyte where the
GND is placed as part of the intracellular recording setup.

3.4 Extracellular recording using a planar substrate
microelectrode

Modeling of the neuron-substrate electrode junctional
interfaces has been reported by several groups over the past
three decades [5, 22-26]. However, these mere simulation
work didn’t provide an intuitive analytical solution that offers
a clear image on the recording mechanism, nature of the
signal, and interplays between key interface parameters. Thus,
this is the goal of the current effort.

Figure 5 illustrates the equivalent electrical circuit models
based on the aforementioned pioneering work, but with
critical new developments (see Section 3.1 and 3.2) in pursuit
of a closed-form analytical solution. During subthreshold
depolarization (Figure 5a), a positive ionic current Ig;;,, jw),
either applied artificially or from synaptic inputs, is injected
intracellularly to depolarize the membrane. Consequently, the
capacitive currents Igp,, (jw) and I¢jp, (jw) with Iy, (jo) +
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Figure 5. Abstracted models of the planar microelectrode-cell membrane
interfaces and their equivalent electrical circuits. (a) The equivalent electrical
circuit during the subthreshold depolarization phase. (b) The equivalent
electrical circuit during the AP.

Icjm(jw) = Igim (jw) are transmitted across the membrane to
close the circuit. The extracellular current Igyg,,(jw)
responsible for generating the extracellular field potential
Vysup(Jw) at Point X equals to I¢jp,(jw). This I¢jm(jw) is
minimally affected by presence of the membrane-substrate
junctional seal (modelled electrically by Rjs.q;) [17], so that
the entire cell membrane can be considered to have a uniform
transmembrane capacitive current density and I¢jn, (jw) can
be approximated as 3, [sim (jw), Where B, is the percentage
of the junctional membrane area to the entire cell membrane
area. In absence of the electrode conductor,

Vysup Gw) = stealljm(jw) + R (Iij(jw) + ICnm(jw)) =

(ﬁijjseal + RS)IStim (](‘)) (12)
Comparing to equation (1), we have
Vysup Jw) = (ﬁijjseal + R)Cry * joVpeup ) (13)

During AP (Figure 5b), the cell membrane acts as an
electromotive force (e.g., a battery), and the Iy,(jw) and
Iy (jw) result from intrinsic properties of the membrane and
don’t depend on the presence of Rjseq, so that the
transmembrane current density in the junctional membrane is
not affected by the junctional seal. We have [, (jw) =
Bimlap(jw), where lyp(jw) = [jp(jw) + Ly (jw) is the
overall transmembrane AP current. In this case, Iz p(Jw) =
—Ijm(jw) (Note that I¢y, (jw) and I¢jp, (jw) are now virtual
capacitive currents as defined before), and

Viar () = =Rjseatljm G©0) = R (Lm0 + L (j0)) =
_(ﬁijjseal + RS)IAP (](1)) (14)
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Comparing to (2), we have

Vyap () = _(ﬁijjseal + R)Cry * jwViap (jw) (15)

From (13) and (15), we see that during subthreshold
depolarization, the extracellular field potential Vyg,, (jw) is
proportional to the first time derivative of the transmembrane
voltage Voup(w), while during AP, Vyp(jw) is
proportional to the negative first time derivative of the iAP
Vipap(jw). The presence of the junctional seal does
substantially boost the amplitude of the field potential with an
additional term of B, Rjs0q; in the coefficient comparing to
(10) and (11). Fitting empirical data to the parameters (see
Appendix) gives estimations of Vygup peqx = 1.9 uV and

v —33.7 UV. Vimap pear 18 in the typical amplitude

mAP_peak —
range of reported extracellular field potentials: -10 ~ -500 uV,
whereas Vygup pear 1 below the noise level (V,,: 10~40 pV)
of typical commercial multielectrode array systems and thus
unobservable by this class of electrodes [5, 27]. Because Rjsoq;
(e.g., 0.1~1.2 MQ [4, 19]) is two to three orders of magnitude
higher than R, (~1 kQ) and S, = 0.3~0.5, the amplitude of
Vmap(t) is boosted by 30~500 times comparing to the open-
field recording in (11).

When the electrode conductor is considered, let’s first
assume that the cell covers the entire electrode surface (i.e.,

C4, = 0 in Figure 5), then Z, = %, and
dl
‘s ze+zam
Vx(jw) = Ziz!, Vx(lw) (16)
I.Tl(]w) = Z”len VXO(‘)) (17)
where Z; =7, + R}seal + R, is the in-situ electrode

impedance of the planar substrate microelectrode with the cell
overlying on the microelectrode. If the cell fully covers the
electrode, Z, corresponds to the entire Cy and Z; can be
measured directly; otherwise, Z, only corresponds to the
covered Cy; as depicted in Figure 5 and Z] needs to be
extracted from the direct measurement due to the shunting
effect of the uncovered CJ;.

When patch-clamp whole-cell recording is performed in the
same setup, e.g. for comparison purpose, R; is grounded in the
vicinity of the nonjunctional membrane (i.e., Ry = 0), and
(16) and (17) become

Vx(jw) =
1+——F—

Vx(jo) (18)

jseal
zg+z

Vin(jw) = m‘fxﬁ@ (19)

Interestingly, if the cell only partially covers the electrode
surface in Figure 5, the exposed electrode surface (modelled
electrically by Cj) functions to shunt the effective input
impedance of the amplifier, which has two effects: attenuating
the magnitude of Z,;,, (i.e., reducing the signal-to-noise ratio
(SNR) of the recording) and exerting a first-order low-pass
filtering effect (formed by Cj; and Ry, €.g., a 15 pm diameter
neuron sits in the center of a 30 um diameter electrode, giving

a -3dB cutoff frequency of 60 Hz with R,;,, = 10 MQ). The
larger the exposed electrode area, the worse these effects.

4. Optimizing the recording quality

When recording in an open-field electrolyte without a tight
seal between the electrode and the cell membrane ((10) and
(11)), the extracellular field potential is generally
unobservable, as it is below the noise level. Therefore, we use
the planar microelectrode recording in Figure 5 as an example
to lead the following discussions, while the conclusions can
be extended to many other cases where a tight seal is formed
at the electrode-cell membrane interface, e.g., the gold
mushroom-shaped microelectrode (gMuE) [16, 19, 22] and
the nanopillar electrodes of a variety of forms [2, 4, 27].
Because, a planar microelectrode cannot record subthreshold
potentials (e.g., postsynaptic potentials, see estimation above)
from small mammalian neurons, we focus on (15).
Substituting (15) into (17), we have the overall frequency
response of the linear-time invariant (LTI) system between the
voltage source V,,,4p (jw) and the recorded signal V;,, (jw) as

VinGw)  _

H(](,()) - Vmap(jw) ain (20)

This H(jw) is a frequency-shaping filter that modulates the
magnitude and phase of the frequency spectrum V,,, ,p(jw) of
the iAP. If the phase angle 2£H(jw) still approximates to
—90°, V;,,(jw) maintains the negative first time derivative
relationship to V,4p(jw). Anyway, deconvolution should
always be performed to recover Vy(jw) from V;, w) [2, 28,
29] based on (17), which is the negative first time derivative
of the iAP V,,4p (jw) according to (15). Next, we investigate
how the parameters in (20) influence the SNR of the recording
through affecting the magnitude |H (jw)|. Note, Z/;, and Z;/
are also complex functions of w.

l
Zain(ﬁ]ijseal"'Rs)Cm Ciw
ZE +z! J

4.1 Factors affecting the SNR

The quality of a neural recording r(t) = s(t) + N(t),
where the signal s(t) is deterministic and the background
noise N(t) is a stationary stochastic process, is commonly
characterized by the SNR defined as the ratio of the power of

1T ,
7 fy s2(®)at

the signal to the power of the noise: SNR = 5= —_—
PN RN(0)

where T is the duration of an observation interval and Ry (1) =
E[N()N(t + 7)] is the autocorrelation function of the noise.

to Parseval’s [30], fOTsz(t)dt =
fj;ols(t)lzdt = if::lS(jw)lzdw, where s(t) is assumed 0
outside the interval T and S(jw) is its Fourier transform or
power spectrum density. In our particular case where S(jw) =

m(j(‘)) - H(jw)VmAP (lw)
P = 2an |H(](U)| [Vinap o) |?dw

According relation

21
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Since V,4p (jw) is the frequency spectrum of a given voltage
source iAP, the magnitude |H (jw)| directly affects P, and thus
the SNR of the recording.

In a planar microelectrode array (MEA) recording
environment, sources of noises include the intrinsic thermal
and shot noises of the recording circuit and electrical noises
picked up by the circuits (e.g. line and RF noises, which have
different frequency ranges than the neural signal and thus can
be filtered out from the final recording). The unremovable
intrinsic thermal and shot noises are the background noise
N (t) left in the final recording and involved in the calculation
of the SNR. Thermal noise is generated in electronics
according to Ohm’s law P =I?R. Thus, the electrical
resistances along the electrical current pathway in the
recording channel, including the resistance in the electrode
material (R, in Figure 4), need to be minimized. For a planar
microelectrode, R, is very small and thus can be neglected, as
did in Figure 5.

Next, let’s scrutinize influences of the parameters and
variables in (20) on the |H(jw)|:

4.1.1 Constant parameters. Effects of the constant
parameters Cy,, Bjm, Rs, and Rjgeq; to the extracellular field
potential Vy,p(jw) is shown by (15), and consequently,
|H(w)| % (BjmRjsear + Rs)Crm-  RsCp  corresponds  to
contribution from the overall cell membrane capacitive
current through the open-field solution spreading resistance
Rs. According to (11), R is insufficient to produce an
observable signal above the noise level for small mammalian
neurons with a small C,,. However, this is not the case for
large neurons from the invertebrate such as leech [31] and
Aplysia [16, 19, 22]. So, larger cells with a larger C,, helps to
improve the SNR. However, the major contribution of C,, is
taking effect through B, C, Rjseq, the junctional membrane
that forms a tight seal with the substrate; and as such, the larger
the junctional membrane pB;,,Cy,, which determines the
junctional current I;n, (jw) in Figure 5b, and the tighter of the
membrane-substrate seal, which determines Rjg,q;, the higher
the SNR [19]. Accordingly, major efforts have been devoted
to increase the Rjg,,; and the junctional current for improved
recording quality [2, 4, 16, 19, 22,27, 31-33].

4.1.2 7, and Zg;,. If the electrode recording system is
properly engineered and configured, C;sp, = 0, Cpgp, = 0, and
Ry = o in Figure 4. Equation (17) describes how the
electrode recording system affects the recording of the
extracellular field potential Vy,p(jw). Basically, Z and Z,;,
forms a voltage-divider circuit with a frequency response of

Z(’lin

zi+z),"
amplitude and shifts the phase in the effect of a high-pass filter
as discussed earlier. This is the reason for the common call for
decreasing the electrode’s conventional impedance Z, via
increasing the C,, and increasing the amplifier’s input

This transmission process both attenuates the signal
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impedance Z,;,, [7, 34, 35]. However, it needs to be
emphasized that it is the electrode recording impedance Z,
corresponding to the cell-covered Cj; (Figure 5) that needs to
be decreased (thus Cj; needs to be increased), whereas the
uncovered Cg) needs to be decreased. Merely increasing the
overall C; won’t necessarily improve the SNR, rather, in
cases that the uncovered Cj; is large, can severely diminish the
SNR. Therefore, planar electrodes with diameter comparable
to that of the overlying cell body are preferred. Under this
condition, the larger the Cj;, the smaller the amplitude
attenuation and the smaller the cutoff frequency of the
highpass filter formed by Cj; and R;;,.

4.1.3 Rjseqi- In (20), Rjseq appears in both the numerator and

denominator. To determine how |H (jw)| depends on Rjgq,

dlH(jw)I

we calculate and find that it is positive for all w and

jseal
that the larger |Z,;,|, the larger its value. This means that (a)
a high Rjg,; can effectively boost the SNR and (b) a high
|Z}in| can further augment this effect. R; has a similar effect,
but as it is usually unchangeable in a recording environment
and it is more than two orders of magnitude smaller, its effect
is minimum.

4.2 Electrode impedance

As discussed above, the electrode recording impedance Z,
(conventionally measured as Z, in an open-field
physiologically relevant electrolyte), a part of the in-situ
electrode impedance Z, is one of critical variables
influencing the recording SNR and thus a must-have data for
any paper that reports either the development of a new type of
neural electrode or the neural recording and/or stimulation
using an electrode. However, this piece of critical information
is frequently either missing or not reported properly in the
literature. For example, many papers only reported the
magnitude vs. frequency plot of the electrode impedance,
whereas the phase plot was missing. As the electrode
impedance is a complex function of frequency, this make it
impossible for the community to (a) develop full knowledge
on characteristics of the electrode and (b) use deconvolution
to recover Vy(jw) from V;,(jw) as in (17). To make things
worse, many studies didn’t measure the electrode impedance
in a proper manner, resulting in inaccurate or misleading data
reported. Thus, I’d like to elaborate and clarify the essential
aspects on electrode impedance and its measurement.

4.2.1 Principle of electrode impedance measurement.
To measure its impedance, the electrode is treated as a an LTI
system with a current input /,(jw) and a voltage output
L]:a)) of the
Le(jw)

system is the Z;. For this LTI system, a complex exponential
signal e/“1 with a unique characteristic frequency of w,
generates an output as a modulated version of the same

V,(jw). Thus, the frequency response H,(jw) =
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: jwqt He(jw) : jwqt
complex exponential [30]: e/“1* —— H,(jw,)e/®1t =

|H,(jw,)|e/l@1t+4HeGoD]l - where |H,(jw)| is an even
function of w and 2H,(jw, ) is an odd function (therefore, the
plots only show the first quadrant). So, the strategy to measure
H,(jw) is to construct a sequence [wq, W,, W3, ***, Wy, ] in the
working frequency range (e.g., 0.01 Hz ~ 100 kHz) of the
electrode and measure the corresponding H, (jw,)’s one by
one to reconstruct the full profile of H,(jw). In practice, we
use a function generator to produce a current signal Acosw,t
as the testing input signal and use a frequency spectrum
analyzer to analyze the corresponding output voltage signal.
According to Euler’s relation, the input current Acosw,t =
%ej wnt 4 %e‘j @nt  and thus the output voltage of the
electrode system is 2He(ja)n)ej“’"t + gHe(—jwn)e_j“’nt =
AlH,(jwy)|cos[wpt + 2H,(jw,)] (see Appendix for proof).
Therefore, extracting the gain |H,(jw,)| and phase shift
¢H,(jw,) from the output will reconstruct the H,(jw,) =
|H, (jw,)|e/“HeUon) at each w,. H,(jw,) is conventionally
presented as the magnitude and phase plots in logarithmic
scales (see Figure 6 for an example [36]).

4.2.2 Method for electrode impedance measurement.
The measurement is usually performed using a potentiostat in
a three-electrode electrochemical cell comprising a working,
a counter, and a reference electrode in PBS. The electrode
being measured is connected to the working electrode. There
are two options for the counter electrode: A. using an electrode
of exactly the same characteristics, i.e. materials composition
and geometry, or B. using a very large electrode whose
impedance can be ignored. The working and counter
electrodes need to be placed far apart. As the circuit path being
measured includes the working electrode, the PBS, the counter
electrode, and the connecting leads (usually neglectable), the
measurement M = Z,,, + R; + Z,, + Rjoqq4s- In case A, Z;,
%=Zwe +WzZe+RS; and in case B, Z, =Z, +
Ry = M. Selection for the amplitude A in Acosw,t needs to
be as small as possible, e.g. 2.5 mV, to avoid potential
initiation of faradaic reactions in the EDL of either electrode.
Selection for [wq, W, w3, ++, w,] is usually evenly spaced in
the logarithmic frequency range.

It should be noted that the testing signal for measuring
recording electrode is different from that for stimulation
electrode. In the EDL model (Figure 1) of passive recording
electrodes, Ry = o [2] and the testing signal should not

generate any faradaic currents across the EDL. In contrast,
almost all stimulation electrodes function under the faradaic
regime where Ry is finite; and thus their measurement should
reflect and emulate such a working condition (beyond the
scope of this current work).

4.2.3 How to read the impedance plots. While the role of
[Z,] in affecting the recording SNR is generally well
understood (see above and (5)), the frequent missing of the
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Figure 6. Example magnitude (a) and phase (b) plots for the electrode
impedance of a recording neural electrode array [34]. The electrodes (1 mm
diameter) and leads were directly made of the conducting polymer polypyrrole
(PEE-PPy, conductivity: 116.3 + 7.8 S/cm). Average electrical impedance
spectrum with standard deviation of four electrodes are shown. A smooth Pt
disc electrode of the same geometric surface area was used as a control. The
measurement configuration followed Option B (see main texts) and was the
same for both electrode types. Figure reproduced with permission from [36].
Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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phase plot in literature reflects a lack of knowledge on the
meaning of this piece of data [37]. Referring first to Figure
6a—the magnitude vs. frequency plot in log-log scales, the
impedance magnitude of the Pt electrode has the well-
recognizable shape: starting with a very high value at a

frequency (e.g. 0.1 Hz) close to DC, the curve declines linearly
1

(exponentially in a linear scale) due to the decease of Tac
dl

with frequency until a transiting region and then becomes a
flat line at high frequencies where the frequency is large

enough to make ](0+ =~ (. The earlier the curve declines to
dl

the transiting point (indicated by the arrow in Figure 6a), the
larger the C,;, as desired. The value of the flat line is actually
the total resistance Ry, In the measurement circuit,
including R, R,, Ricqqs, and contact resistances at joints or
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connections if any. For this particular Pt electrode, R; =
Riotar = 400 Q. With this information, C4; can then be
determined from any data point in the lower frequency range.

Turning to the phase vs. frequency plot in Figure 6b, at low
1

frequencies the phase angle is close to —90°, as Tac
dl

dominates; and at high frequencies, the curve approaches to
0° as

Twca; ZeT0s out and Z; becomes resistive.
dl

By contrast, the impedance of the “active” polypyrrole
electrode is more complicated to interpret. The magnitude
declines monotonically in the measuring frequency range
without flattening at high frequencies, and the phase angle
with values around —20° across the frequency range shows a
dominant resistive nature. This is because the polypyrrole
electrode worked primarily in reversible faradaic processes
(thus the word “active” is used) generating a pseudo
capacitance to transmit charges across the frequency range
even with the 5 mV test sinusoidal signals [38]. Thus, there
was a major current path through R in the EDL model in
Figure 1, and the current path through C; was only a minor
one, making the decay of the magnitude with frequency in
Figure 6a much slower. Furthermore, the magnitude is
substantially lower at low frequencies, because the electrode
surface is porous and much rougher, resulting in a much larger
C4- It remains relatively high at high frequencies, because
both the lead and electrode were directly made of the
semiconducting polypyrrole, thus bearing higher resistances.

Lastly, as the characteristic frequencies of the iAP center
around 1 kHz (i.e., the base width of the iAP of a typical
neuron is 1 ms), the electrode impedance is frequently
measured only at 1 kHz. Although this single point of data is
sufficient to calculating the C;; and R, in the EDL model of a
passive neural recording electrode, the aforementioned
intuitive information that can be captured from the spectrum
plots is unfortunately missing.

4.2.4 Methods to reduce electrode impedance. Because
passive neural recording electrodes function as a pure
capacitor. To reduce the electrode impedance, we need to

increase the EDL capacitance (Figure 1) according to Cy =

Area . o s .
&= where ¢, is permittivity of free space, Area is the

equivalent electrochemical surface area of the EDL, and d is
the thicknesses of the EDL. As thickness of the Stern layer and
the Debye length cannot be changed in physiologically
relevant electrolyte, the only option is to increase Area by
either roughening the smooth electrode surface [39] or coating
it with rough and/or porous conductive materials including
platinum black [35], conducting polymers [40, 41] and carbon
nanotubes [42].

5. Summary

Through a revisit to the essential aspects concerning
extracellular neural recording, this paper has developed in-
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depth new insights on this important electrophysiological
technique. Key points and recommendations are summarized
below:

The electrode-electrolyte interface of passive neural
recording electrodes functions as a pure capacitor Cg;, and
the extracellular field potential that an electrode senses is
at the outer edge of this Cy, i.e. the outer edge of its EDL.
The voltage V;,,(jw) recorded by the electrode recording
system is caused by the capacitive current that crosses the
electrode’s EDL and is in the form of ion redistribution on
the electrolyte side. When an ionic current flows into the
electrode’s EDL (i.e., cations flow into or anions flow out
of the EDL), a positive voltage is recorded; and when an
ionic current flows away from the EDL (i.e., cations flow
out of or anions flow into the EDL), a negative voltage is
recorded.

The presence of a wired electrode at a point tends to
slightly lower its field potential, however, when
disconnected from the amplifier’s input terminal, it doesn’t
perceivably affect the AC field potential at that point.

The electrode recording system functions as a voltage-
divider circuit (attenuating the amplitude) with a first-order
highpass filtering effect (narrowing the waveform, formed
by Cy; and the input resistance R,;, of the amplifier) to
sense the AC potential in an electrolyte where the
recording electrode is placed.

The extracellular field potential has two phases, with its
subthreshold depolarization phase proportional to the first
time derivative of the membrane depolarization and its
action potential phase proportional to the regative first
time derivative of the iAP. In particular, any extracellularly
recorded subthreshold potentials, e.g. synaptic potentials,
are biphasic in their full cycle.

The presence of a junctional seal between the electrode
surface and cell membrane greatly enhances the amplitude
of the field potential in the junction. However, planar
substrate  microelectrodes are still incapable of
extracellularly detecting subthreshold potentials from
small mammalian neurons.

If the cell only partially covers the electrode surface, the
exposed electrode surface (Cj; in Figure 5) functions to
shunt the effective input impedance of the amplifier, which
has two effects: attenuating the magnitude of Z,;, (i.e.,
reducing the SNR of the recording) and exerting a first-
order low-pass filtering effect (formed by Cy; and R, ;).
The larger the exposed electrode area, the worse these
effects.

The recorded voltage Vi, (jw) is related to the extracellular
field potential Vx(jw) by (5) or (17). This is the reason for
the common call for decreasing the electrode’s
conventional impedance Z, via increasing the C , and
increasing the amplifier’s input impedance Z,;,,. However,
it needs to be emphasized that it is the electrode recording
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impedance Z, corresponding to the cell-covered Cg,
(Figure 5) that needs to be decreased (thus Cj; needs to be
increased), whereas the uncovered Cj; needs to be
decreased. Merely increasing the overall C; won’t
necessarily improve the SNR, rather, in cases that the
uncovered Cj; is large, can severely diminish the SNR.
Therefore, planar electrodes with diameter comparable to
that of the overlying cell body are preferred. The selection
of Z,;, is advised to be at least one order of magnitude
higher than Z.

The electrode impedance, conventionally measured as Z,
in an open-field physiologically relevant electrolyte, must
be reported for any paper that reports either the
development of a new type of neural electrode or the neural
recording using an electrode. The report should include
both the magnitude and phase plots. The measurement
should be performed with a proper setup (e.g., Option A or
B), and the testing signal should not generate any faradaic
currents across the EDL.

Appendix
Parameters Used for Calculations of Vxsyup peax and
Vmap_peak in Section 3.4

Rat cortical neuron [2]: r=7.5pum, Cj, =177 pF,
Cam = 3.53 pF, C;;, = 5.3 pF, Rjseq = 0.1 MU, rising phase:

AV _%omv _ 180 V/S, AVmsub _lomv _ 10 V/s.
At 0.5ms At 1ms

1 %4
Vxsub_peak = (§ x 0.1 MQ + 2 kﬂ) X53pF x 10— =19V

1 14
Vxap peak = — (5 X 0.1 MQ + 2 kQ) X 5.3 pF x 180~ = —33.7 uV

Proof for the Principle of Electrode Impedance
Measurement

A i jwnt A P —jwnt
EHeown)e " +5He(_]wn)e n
A . .
= E [H, (jwn)ejwnt + H, (jwn)e_]wnt]

= 2Re{H, (jw,)e ')

= ARe{|H,(jw,)|e/ont+HeGon)l}
= AlH,(jwy)|cos[wpt + £H,(jw,)]
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